In this study, a novel potentiometric glucose biosensor based on magnetic beads-Nafionglucose oxidase/graphene oxide/aluminium-doped zinc oxide (MBs-Nafion-GOx/GO/AZO) membranes on a PET substrate with arrayed screen-printed electrodes (SPEs) was proposed. The morphologies, elemental analysis, and surface roughnesses of the sensing membranes were characterized. The sensing parameters of the biosensor were investigated by using the voltage-time (V-T) measurement system, which measured sensitivity, linearity, anti-interference ability, reversibility, temperature effect, and lifetime. A microfluidic device using polydimethylsiloxane (PDMS) was integrated with the V-T measurement system to analyze the response characteristics. The results under static solution and microfluidic flow conditions were compared. The results showed that the average sensitivity and linearity of the biosensor depended on the microfluidic flow rate. The best average sensitivity of the glucose biosensor based on MBs-Nafion-GOx/GO/AZO membranes was 20.35 mV/mM at a flow rate of 15 µL/min. INDEX TERMS Aluminium-doped zinc oxide (AZO), graphene oxide (GO), magnetic beads (MBs), glucose biosensor, screen-printed electrodes (SPEs), microfluidics.
Magnetic beads (MBs), also known as magnetic particles, contain particles that commonly consist of ferromagnetic elements, such as iron, nickel, and cobalt [17] . The majority of MBs used in biosensors contain iron oxides (Fe 3 O 4 ), which results in a highly active surface, fast reaction kinetics, high chemical stability, and ease of surface modification [18] . Owing to its paramagnetic properties, biocompatibility with enzymes, and ease of preparation, Fe 3 O 4 is often used in the development of biosensors and the modification of sensing electrodes [19] - [20] . Furthermore, the functionalization of MBs can enhance biocompatibility with enzymes [20] . In terms of analytical figures of merit, the advantages of MB-based biosensors far outweigh those of non-MB based biosensors, such as enhanced sensitivity, low LOD, high signal-to-noise ratio, and shorter response time [19] , [21] . The major reasons, which we used MBs in this study, were due to the large surface-volume ratio, excellent biocompatibility, and ease of surface modification. These advantages could provide numerous active sites for membranes, thereby increasing the analytical signal and sensitivity.
In recent years, the microfluidic system has been widely integrated with sensors because these biosensors, based on a microfluidic system, provide enhanced analytical performances, real-time detection, and fast reaction rates [22] [23] [24] . Recent trends in the development of electrochemical sensing devices have been toward devices that are miniaturized, portable, disposable and low-cost. Screen-printed electrodes (SPEs) have been used to develop new biosensors [25] [26] [27] . Compared to the conventional solid-contact electrodes, SPEs are considered simpler, cheaper and easier to mass produce [28] . In this study, due to the flexibility and low cost of a polyethylene terephthalate (PET), the proposed plastic glucose biosensor was based on the miniaturized screen-printed arrayed electrodes on a PET substrate, and MBs, GO, and AZO were utilized as the sensing membranes. The sensing characteristics of the glucose biosensor based on MBs-Nafion-GOx/GO/AZO membranes were investigated, and then the integration of the biosensor with the microfluidic device was analyzed under microfluidic flow conditions.
II. EXPERIMENTAL

A. MATERIALS
Epoxy (product no. JA643) was purchased from Sil-More Industrial, Ltd. (Taiwan). Silver conductive paste was purchased from Advanced Electronic Material Inc. (Taiwan). Polyethylene terephthalate (PET) was purchased from Perm Top Co., Ltd (Taiwan). D-Glucose was purchased from J. T. Baker Co. (U.S.A.). The Nafion, carbodiimide hydrochloride (EDC), and glucose oxidase (GOx) were purchased from Sigma-Aldrich Co. (U.S.A.). The AZO (99.9% purity, Al:ZnO = 2 wt%:98 wt%) target was purchased from Ultimate Material Technology Co., Ltd. (Taiwan). Graphite powder was purchased from Alfa Aesar Co. (U.S.A.), and then it was used to fabricate the graphene oxide (GO) powder by using the modified Hummers' method [16] . The phosphate-buffered saline solution (PBS, 0.1 M) at pH 7.0 was prepared by mixing the standard solution of potassium phosphate monobasic (KH 2 PO 4 ) and potassium phosphate dibasic (K 2 HPO 4 ), which were purchased from Katayama Chemical Co., Ltd. (Japan). Magnetic beads (MBs), which contained carboxylic acid groups, were purchased from Quantum Biotechnology Inc. (Taiwan). Ascorbic acid (AA) was purchased from Sigma-Aldrich Co. (U.S.A.). Urea powder was purchased from J. T. baker Corp. (U.S.A.). Uric acid (UA) powder was purchased from Sigma-Aldrich Co. (U.S.A.). All chemicals were of analytical grade and used without further purification.
B. PRINTING AND MODIFICATION OF ARRAYED ELECTRODES
In terms of the preprocesses, a PET substrate was cleaned using ethanol and deionized (D. I.) water and put in an oven at 100 • C for 10 min until the redundant droplets were removed. Afterwards, the silver paste was printed onto the PET substrate using screen printing technology; the printed pattern was used as the conductive wires and differential electrodes of the biosensor. Subsequently, the AZO membranes were deposited on the PET substrate via the radio frequency (RF) vacuum sputtering system at a pressure of 3 mTorr, with a power of 60 W, and with Ar/O 2 as the reactive gas flowing at 9:1 sccm for 30 min. In this manner, the AZO membranes were tightly contacted the silver wires. The deposition parameters for the AZO membranes are shown in Table 1 . In order to avoid the noise in an aqueous solution and determine the sensing area, the epoxy was coated on the PET substrate as an insulation layer by using screen printing technology (the dimension of the sensing area was 1.77 cm 2 ). Finally, the GO powder was dissolved in D. I. water in order to prepare 0.3 wt% GO solution, and then this was drop-casted onto the AZO membrane. 
C. IMMOBILIZATION OF MBS-NAFION-GOX MEMBRANE
In order to immobilize the enzyme on the matrix, the MBs were bonded with the EDC to prepare the MBs-EDC mixture firstly. The MBs-EDC mixture was prepared as follows: Firstly, the MBs solution in the tube was aspirated, and the MBs were separated using a special magnet. Subsequently, a PBS solution (pH 6.0) was used; this cleaning was repeated three times. Finally, the EDC was uniformly mixed with the PBS solution containing the MBs, which completed the activation of the MBs (10 mg/mL in PBS).
The MBs-Nafion-GOx solution was prepared by dissolving GOx powder in a 0.1 M PBS solution (10 mg/mL in PBS). The MBs-EDC mixture was then mixed with the GOx solution, and this mixed solution was stored in a refrigerator at 4 • C for 8 h. Next, the MBs-GOx solution and Nafion (vol. ratio: 4:3) were uniformly mixed by a vortex mixer for 10 min. The MBs-Nafion-GOx solution was dropped on the sensing electrodes and dried at 4 • C for 12 h. Finally, the unbound enzyme was removed by rinsing with D. I. water. Once the immobilization of the MBs-Nation-GOx membranes had been completed, the biosensor was stored at 4 • C when not in use. Figure 1 shows the schematic diagram of the glucose biosensor based on SPEs, with MBs-Nafion-GOx/GO/AZO membranes. Figure 2 shows a photo of the glucose biosensor based on SPEs with MBs-Nafion-GOx/GO/AZO membranes, with its dimensions annotated in red. In Fig. 2 , the annotation serves a dual purpose: One is so that readers can see the scale of the sensor, the other is that it shows the area taken up by the electrodes and the position of the sensing windows (circles). This is necessary because the AZO membranes are transparent. 
D. V-T MEASUREMENT SYSTEM
The voltage-time (V-T) measurement system used for this study was composed of a readout circuit, a data acquisition card (DAQ card, Model: NI USB-6201, National Instrument Corp., U.S.A.), and a computer with the LabVIEW program (Model: LabVIEW 2011, National Instrument Corp., U.S.A.) [29] , [30] . The readout circuit is composed of six instrumentation amplifiers (LT1167, Analog Devices, Inc., U.S.A.). The high common-mode rejection ratio (CMRR) and the high input impedance are well suited to measuring bioelectric signals. In terms of signal communication in this system, analog signals were sent to the DAQ card for interception and conversion into digital signals. The detected values for different response voltages were displayed on the screen through the LabVIEW program. Figure 3 shows the schematics of the measurement setup using the V-T measurement system. The V-T measurement system was successfully used to record and analyze the sensing characteristics of biosensors in a static solution and under microfluidic conditions.
E. INTEGRATION OF MICROFLUIDIC DEVICE WITH MEASUREMENT SYSTEM
The microfluidic device was integrated with the V-T measurement system to monitor the sensing parameters of the biosensor under microfluidic flow. A schematic diagram of the microfluidic device used to measure the biosensor is shown in Fig. 4(a) , and the pattern of the microfluidic channel is shown in Fig. 4(b) . The biosensor was placed in the microfluidic channel, which used polydimethylsiloxane (PDMS) and a curing agent for fabrication. After that, the test solution was pumped through the microfluidic channel by an injector and a syringe pump, and then the sensing characteristics of the biosensor were monitored. The potential responses of the biosensor under different flow rates were analyzed by controlling a syringe pump.
III. RESULTS AND DISCUSSION
A. MATERIAL ANALYSIS OF SENSING MEMBRANE
A field-emission scanning electron microscope (FE-SEM) equipped with an energy dispersive X-ray spectrometry (EDS) detector providing the capability of X-ray mapping could be used to validate the various morphologies and perform an elemental analysis of the AZO and GO, respectively. From Fig. 5(a) , the top view of the AZO membrane appears granular and compact. The thickness of the AZO membrane was ∼119 nm according to the cross-section image, as shown in Fig. 5 (b). Figure 5 (c-d) show that the GO membrane had a crumpled structure with a lot of wrinkles on the surface that resembled lightning. In terms of elemental analysis, the EDS pattern of the AZO membrane illustrated in Fig. 6 shows the obvious Al, Zn, O, and Si peaks. The Si peak was attributed to the Si substrate. The results were in compliance with anticipation. Furthermore, the crystalline structure and grain size of the MBs were analyzed via a transmission electron microscope (TEM); the TEM image of the MBs was shown in a previous study [31] .
Similarly, the morphologies of the membranes were characterized by a scanning probe microscope (SPM), including AZO, AZO/GO, and MBs/GO/AZO, as shown in Fig. 7 (scanning area: 50 µm × 50 µm). The morphologies from the AFM images were all in accordance with those from the FE-SEM images. Furthermore, because membranes were deposited layer by layer, the obtained atomic force microscope (AFM) factors could be used to estimate variations in surface roughness before and after modification [32] , such as roughness average (R a ) and root mean square roughness (R q ). R a were 1.83 nm, 88.4 nm, and 106 nm for AZO, GO/AZO, and MBs/GO/AZO, respectively; R q were 3.84 nm, 110 nm, 136 nm for AZO, GO/AZO, and MBs/GO/AZO, respectively. The results indicated that R a and R q were effectively increased because of the folded sheet structure of the GO. Furthermore, the high surfacevolume ratio of MBs improved the sensing properties further [33] , [34] .
B. AVERAGE SENSITIVITY AND LINEARITY OF MBS-NAFION-GOX/GO/AZO GLUCOSE BIOSENSOR
The sensing mechanism of the potentiometric glucose biosensor is according to the formulas (1-4) [35] [36] [37] :
where E is the membrane potential, E 0 is the standard potential, R is the gas constant, T is the temperature in Kelvins, and F is the Faraday's constant. The sensing mechanism of the potentiometric glucose biosensor is expressed in the enzymatic reaction formulas (3, 4) [36]: 
After the enzymatic catalyzation through glucose oxidase (GOx), δ-gluconolactone and hydrogen peroxide (H 2 O 2 ) were generated. The generated δ-gluconolactone then spontaneously converted into gluconate ions and hydrogen ions (H + ). This reaction changed the H + concentration in the micro-surroundings of the membranes, thereby generating the various potential responses to realize the detection of glucose.
Firstly, the detection range of the glucose biosensor based on MBs-Nafion-GOx/GO/AZO membranes was determined. This was tested in 0.1 M PBS (pH 7.0) solution with a glucose range of 1 mM-12 mM, and the response voltages of the glucose biosensor were recorded for different concentrations via the V-T measurement system. All error bars were obtained from the six windows of the glucose biosensor. The effective linear range was analyzed by the response curves. As shown in Fig. 8(a) , the linear range was 3 mM-7 mM, and the average sensitivity and the linearity were 17.68 mV/mM and 0.999, respectively. Outside of that range, there was no significant difference in response voltage at the intervals of concentration, and the variations become flat. After determining the linear range, the same glucose biosensors based on MBs-Nafion-GOx/GO/AZO membranes (Number of sensors, N = 10) were measured in 0.1 M PBS (pH 7.0) solutions with a glucose range of 3 mM-7 mM to obtain the best value. Figure 8(b) shows the optimal average sensitivity and linearity were 18.15 mV/mM and 0.999, respectively. The standard deviation was within the range of 3.57 mV. The error bars were tiny which showed that the bioelectric signals were relatively steady and accurate. Furthermore, there were five similar sensors among the ten sensors, which showed the optimal average sensitivities and linear range; the reproducibility of the glucose biosensor was 50%. From the results, the proposed fabrication process of the glucose biosensors based on MBs-Nafion-GOx/GO/AZO membranes was reliable, and the system integrated with the biosensor was able to detect glucose levels accurately.
C. ANTI-INFERENCE ABILITY OF MBS-NAFION-GOX/GO/AZO GLUCOSE BIOSENSOR
For this study, potential interfering substances found in human blood were selected in order to test the selectivity of the biosensor. These substances included ascorbic acid (AA), urea, and uric acid (UA), which are often used as common interfering substances to test the selectivity of potentiometric biosensors. They are considered to be the most likely to generate noise that would affect the response of potentiometric biosensors [6] , [36] , [38] . Firstly, the glucose biosensor was immersed in a 0.1 M PBS solution with a 5 mM glucose concentration until the voltage response was steady. The interfering substance, including 0.06 mM (1.05 mg/dL) AA, 5 mM (30.03 mg/dL) urea, and 0.3 mM (5.04 mg/dL) UA, was added sequentially to the PBS solution every 60 s. Finally, 7 mM glucose was added to the test solution (to reach a 12 mM glucose concentration) to prove the anti-interference ability.
As shown in Fig. 9 , the results indicate that the interfering substances generated some small amount of noise affecting the voltage response of the biosensor. This was expected, following the study by Adeloju and Moline [38] , where it was determined that a glucose potentiometric biosensor is likely to be affected by AA. However viewed relatively, the response voltage of this biosensor showed almost no variation when both AA and UA existed in the PBS solution. Thus, the biosensor using MBs-Nafion-GOx/GO/AZO membranes could be determined to have shown good selectivity.
D. REVERSIBILITY OF MBS-NAFION-GOX/GO/AZO GLUCOSE BIOSENSOR
Reversibility is another standard method of evaluation for a biosensor when the concentration of a substance has been changed. In this study, the hysteresis effect was considered in order to analyze the stability and recoverability of the potentiometric biosensor; hysteresis voltage (V H ) is defined as the voltage shift between the initial and final state [39] . The glucose biosensor based on MBs-Nafion-GOx/GO/AZO membranes was measured in cycles of PBS solutions (pH 7.0) with different glucose concentrations via the V-T measurement system. The forward cycle and the reverse cycle were: 5 mM → 3 mM → 5 mM → 7 mM → 5 mM and 5 mM → 7 mM → 5 mM → 3 mM → 5 mM glucose concentrations, respectively.
The hysteresis curves are shown in Fig. 10 . The V H of the glucose biosensor based on MBs-Nafion-GOx/GO/AZO membranes were 1.21 mV in the forward cycle and −1.24 mV in the reverse cycle. These results showed that the glucose biosensor had exceptional recoverability under rapid variations in glucose concentrations.
E. TEMPERATURE EFFECT OF MBS-NAFION-GOX/GO/AZO GLUCOSE BIOSENSOR
According to the Nernst equation, temperature variation is to have an effect on potentiometric biosensors. In this study, research was conducted on the effect of temperature variation on the average sensitivity and linearity of the glucose biosensor based on MBs-Nafion-GOx/GO/AZO membranes. The temperature range tested ranged from 25 • C-65 • C. The biosensor was immersed in PBS solutions (pH 7.0) with different glucose concentrations within the temperature range of 25 • C-65 • C and was then analyzed to determine the average sensitivity and linearity.
Following the Nernst equation, increments in sensitivity should be expected as temperature varies. Fig. 11 and Table 2 show that the average sensitivity of the biosensor based on MBs-Nafion-GOx/GO/AZO membranes had few increments within the temperature range of 25 • C-45 • C. The average sensitivity of the biosensor based on MBs-Nafion-GOx/GO/AZO membranes increased from 18.15 mV/mM to 19.18 mV/mM. The results showed that temperature could enhance the sensitivity of a biosensor. Furthermore, the response of a biosensor is also affected by the enzymatic membrane. The average sensitivity decreased within the range of 45 • C-65 • C. Because the GOx was used to fabricate the enzymatic membranes; the maximal activity of the GOx was 55 • C [40] . The average sensitivity the biosensor based on MBs-Nafion-GOx/GO/AZO decreased from 19.18 mV/mM to 11.78 mV/mM. The average sensitivity of the biosensor also decreased due to the natural thermal degradation of the GOx [36] , and so the average sensitivity did not increase continuously. A study was also conducted by Chou et al. [41] which investigated this. In that study, the biosensor was tested within a temperature range of 25 • C-65 • C. The results were similar to the previous research.
In terms of linearity, the glucose biosensor based on MBs-Nafion-GOx/GO/AZO membranes exhibited a tiny variation in linearity from 0.999 to 0.993. This evidence suggests that the destruction of membranes could result in the decrement of linearity at high temperatures.
F. LIFETIME OF MBS-NAFION-GOX/GO/AZO GLUCOSE BIOSENSOR
Lifetime is defined as the time it takes for the relative average sensitivity to decrease below 50%. In order to determine the lifetime of a biosensor, the average sensitivity of the biosensor was recorded every 7 days, followed by a calculation of the relative average sensitivity. The glucose biosensor based on MBs-Nafion-GOx/GO/AZO membranes was measured in PBS solutions (pH 7.0) with a glucose range of 3 mM-7 mM at room temperature via the V-T measurement system.
As shown in Fig. 12 and Table 3 , the initial average sensitivity of the glucose biosensor based on MBs-Nafion-GOx/GO/AZO membranes was recorded as 18.38 mV/mM on the 1 st day. After that, the average sensitivity of the biosensor was recorded at different time. On the 8 th , 15 th , 22 nd , and 29 th day; the results were 17.75 mV/mM, 15.23 mV/mM, 10.71 mV/mM, and 4.93 mV/mM, respectively. The observations showed that the relative average sensitivity was maintained at 80% or above during the first 15 days. On the 22 nd day, the relative sensitivity of the biosensor was 58.27% because of the decrement of the enzyme activity and the destruction of the membrane [42] . Finally, the relative average sensitivity of the biosensor was measured again on the 29 th day and it had dropped to 26.82%. These results indicated that the lifetime of the glucose biosensor based on MBs-Nafion-GOx/GO/AZO membranes was 22 days.
G. RESPONSE CHARACTERISTICS OF MBS-NAFION-GOX/GO/AZO GLUCOSE BIOSENSOR UNDER MICROFLUIDIC FLOW
After determining the sensing properties of the biosensor, the average sensitivity and linearity of the biosensor under microfluidic flow was further investigated. The average sensitivity and linearity of the glucose biosensor based on MBs-Nafion-GOx/GO/AZO membranes were analyzed in PBS solutions (pH 7.0) with the glucose range of 3 mM-7 mM under flow rates from 0 µL/min to 30 µL/min via the V-T measurement system with the microfluidic device. As shown in Fig. 13 and Table 4 , the response voltage increased as the flow rates increased. The best average sensitivity of the glucose biosensor based on MBs-Nafion-GOx/GO/AZO membranes was 20.35 mV/mM at a flow rate of 15 µL/min.
The sensitivity of biosensors is attributed to factors which include: the diffusion resistance of the solid-solution interface, enzyme loading, and temperature [43] [44] [45] . According to the previous study [46] , the diffusion rate of the glucose biosensor increased when the flow rate increased, thereby resulting in a decreased diffusion resistance of the solid-liquid interface. The results proved that the sensing characteristics of the glucose biosensor based on MBs-Nafion-GOx/GO/AZO membranes under microfluidic flow conditions were better than those under static microfluidic conditions. However, the average sensitivity of the glucose biosensor decreased under high flow rates because GOx could not immediately induce catalyzed reactions under high flow rates [39] . Thus, the average sensitivity of the biosensor decreased.
For the large error bars, it can be inferred that when a microfluid flows in a microfluidic channel, the fluctuations in the flow velocity will also affect local surface potential on the membranes [47] . This phenomenon results in the introduction of additional noise affecting surface potential, thereby increasing the errors in the response voltages. Table 4 shows the average sensitivities and linearities of the biosensors based on the different membranes under a range of flow rates from 0 µL/min to 30 µL/min [39] , [48] ; all optimal flow rates for the different membranes tested fall within the range from 15 µL/min to 25 µL/min.
IV. CONCLUSION
Through changes in the experimental method, the sensing characteristics of the glucose biosensor based on MBs-Nafion-GOx/GO/AZO membranes could be analyzed. The potential response curves of the biosensor under different environmental conditions, including contamination, variation of glucose concentration, temperature, storage time, and microfluidic flow rate, were tested. The glucose biosensor based on MBs-Nafion-GOx/GO/AZO membranes exhibited a sensitivity of 18.15 mV/mM, a linearity of 0.999, exceptional anti-interference ability, lower V H , and maintained a relative average sensitivity above 80% after a storage time of 21 days. According to the results of the temperature effect, the decay of average sensitivity and linearity could be attributed to the natural thermal degradation of the GOx. Apart from this, the glucose biosensor indicated the best average sensitivity of 20.35 mV/mM at a flow rate of 15 µL/min. In conclusion, a plastic biosensor on arrayed SPEs was developed that proved the remarkable sensing parameters of the biosensor. This development of arrayed SPEs based on the MBs-Nafion-GOx/GO/AZO membranes applied to a plastic biosensor shows great promise.
